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Neutrophil (PMN) spreading on endothelium, mediated by the interactions between surface-bound 2 integrin and intercellular 
adhesion molecule-1 (ICAM-1) in the inflammatory cascade, is crucial for PMN post-adhesion and trans-migration in blood flow. 
The underlying mechanisms by which shear flow regulates PMN spreading dynamics are not well understood. Here, a paral-
lel-plate flow chamber assay was applied to quantify the time course of PMN adhesion and spreading on an ICAM-1-immobilized 
substrate. Two types of shear flow, steady flows at shear stresses of 0.2, 0.5, and 1 dyne/cm2 and stepwise flows at 0, 1, and 10 
dyne/cm2, were used to elucidate the impact of shear flow on cell adhesion and spreading. The number of adhered PMNs, the 
fraction of spreading PMNs and the projected area of spread PMNs were determined and were found to correlate with the distri-
bution of surface-bound 2 integrin subunit (CD11a, CD11b, or CD18). The results indicate that PMN spreading on an ICAM-1 
substrate is bi-directionally regulated under shear flow. CD11a, CD11b and CD18 subunits of 2 integrin contribute distinctly to 
PMN spreading on ICAM-1 substrates. This work provides new insights into understanding PMN spreading on the endothelium, 
mediated by 2 integrin and ICAM-1 under shear flow. 
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Leukocytes are crucial to host defense via extravasation 
from blood vessels at the site of infection [1]. Neutrophils 
(PMNs), the largest subpopulation of leukocytes, play a 
dominant role in acute inflammation [1,2]. In post-capillary 
venules of inflamed tissue, PMNs attach to the vessel wall 
through tethering and rolling, followed by firm adhesion 
and emigration across the endothelium. Tethering and roll-
ing involve the binding of selectins and their ligands, while 
the subsequent firm adhesion and spreading of leukocytes 
are mainly mediated by the interaction of integrins and their 
ligands, where both molecular pairs are expressed, respec-
tively, on leukocytes and endothelial cells [1]. 
After initial attachment to the endothelium, 2 integrins 
(primarily L2 and M2) expressed on neutrophils con-
tribute to the subsequent adhesion and spreading [3,4]. 
L2 (CD11a/CD18 or lymphocyte function-associated 
(LFA)-1) and M2 (CD11b/CD18 or macrophage antigen 
(Mac)-1) have similar structures, consisting of a common 
2 chain and a distinct  chain [4,5]. Both receptors specif-
ically recognize their ligand, intercellular adhesive mole-
cule-1 (ICAM-1), which is expressed constitutively on en-
dothelial cells and more highly on inflamed vascular endo-
thelium [4–6]. While all LFA-1 and 5% of Mac-1 molecules 
yield a low affinity state on the surface of resting neutro-
phils [7], their affinity and avidity are remarkably enhanced 
via conformational change and clustering, resulting in 
slowed rolling and strengthened adhesion of PMNs [8–10]. 
Moreover, the remaining 95% of Mac-1 molecules also 
rapidly transport from specific granules and secretory vesi-
cles to the cell membrane [7]. Although LFA-1 and Mac-1 
work cooperatively to recruit PMNs into the site of inflam-
mation, they may have distinct roles in mediating neutro-
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phil-endothelial interactions, i.e., PMN spreading, particu-
larly at the specific stage of the inflammatory cascade 
[11,12]. 
It has been noted that PMN adheres and spreads onto the 
endothelium under blood flow [13,14]. Mechanical forces 
regulate leukocyte-endothelium interactions and affect the 
mechanical properties of leukocytes in the physiological 
shear stress range 0–30 dyne/cm2 [3,15,16]. On the one 
hand, physiological shear flow facilitates PMN adhesion 
mediated by selectins, which is a prerequisite for adhesion 
through integrin [3,17]. On the other hand, fluid shear 
elongates the adhered PMNs and regulates their defor-
mation and spreading dynamics [18,19]. It has also been 
found that PMN spreading is mediated specifically by 2 
integrin-ICAM-1 interactions, in which the CD11b subunit 
plays a dominant role [20]. However, the means by which 
shear flow regulates PMN spreading dynamics mediated by 
2 integrin-ICAM-1 interactions is not clear. Here, we ap-
plied a parallel-plate flow chamber system with well-   
defined shear stress to mimic the physiological flow in 
blood vessels. The time course of PMN adhesion and sub-
sequent spreading on an ICAM-1 substrate and the regula-
tion of PMN spreading by 2 integrin subunits (CD11a, 
CD11b, and CD18) were studied.  
1  Materials and methods 
1.1  Proteins and cells 
Recombinant human ICAM-1 and anti-CD18 monoclonal 
antibody (mAb) 212701 (mIgG1) were purchased from 
R&D Systems (Minneapolis, MN, USA). Anti-CD11a mAb 
MEM25 (mIgG1) was from Caltag Laboratories (Burlin-
game, CA, USA) and anti-CD11b mAb 44 (mIgG1) was 
from Chemicon International (Temecula, CA, USA). FITC- 
labeled goat anti-mouse secondary antibody was obtained 
from Sigma Co. (St. Louis, MO, USA).  
Human neutrophils were isolated from healthy donors 
using a previously described protocol [21]. Briefly, 4 mL of 
anti-coagulant blood was mixed with 4 mL of 6% Dextran 
T-500 (Pharmacia, F1076, Uppsala, Sweden) dissolved in 
0.9% NaCl solution. Leukocyte-rich and red blood cell-poor 
plasma was then collected and centrifuged after being lay-
ered on lymphocyte separation medium. To remove the re-
maining red blood cells, the pellet was re-suspended in 9 
mL of pure water for 25 s and mixed immediately with    
1 mL 10× phosphate buffer solution (PBS), and the packed 
PMNs were suspended in 1 mL of HBSS(−) (HyClone, 
SH30588.01, without Ca2+, Mg2+, Logan, UT, USA) con-
taining 0.2% HSA and 10 mmol/L Hepes. Finally, 2×106– 
5×106 PMNs were collected and prepared for measurements 
within 3 h. Prior to the experiments, the PMNs were 
re-suspended at 0.5×106/mL in HBSS(+) (HyClone, 
SH30268.01, with Ca2+, Mg2+) containing 0.2% HSA and 
10 mmol/L Hepes. In some cases, an aliquot of PMNs was 
fixed using 2% paraformaldehyde, which served as a con-
trol for PMN spreading. 
1.2  Parallel-plate flow chamber assay 
To immobilize ICAM-1 onto the substrate, 1 mg/mL of 
ICAM-1 stock solution was diluted to 100 g/mL with 40 
mmol/L NaHCO3 (pH 9.0) [22] and then coated on a sterile 
polystyrene slide inside a region measuring 0.5 mm × 0.5 
mm. After incubation for 1 h at room temperature, the slide 
was stored at 4°C and washed with HBSS(+) before use. 
A parallel-plate flow chamber was set up by placing the 
ICAM-1-immobilized slide onto a polycarbonate deck in a 
chamber with geometry 76 mm (L) × 25 mm (W) × 0.1 mm 
(H) (Figure 1(a)). The uniform wall shear stress () was 
determined by  = 6Q/Wh2 where Q is the flow rate and  
is the medium viscosity (~1 mPa s). The assembled flow 
chamber was then mounted on the stage of an inverted mi-
croscopy (Olympus, IX71, Tokyo, Japan) and the cell sus-
pension was driven by a syringe pump to flow through the  
 
 
Figure 1  Schematic of a flow chamber assay system. (a) Component 
assembly of parallel-plate flow chamber. (b) Illustration of parallel-plate 
flow chamber working system. 
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chamber. The adhesion and spreading of PMNs onto the 
ICAM-1 substrate was observed microscopically inside an 
area 0.6 mm × 0.45 mm and the images recorded via a video 
recorder (Panasonic, AG-4700, Osaka, Japan) were used for 
off-line analysis (Figure 1(b)). 
1.3  Cell adhesion and spreading measurements 
Two cases of PMN-substrate interaction were defined when 
PMNs adhered to ICAM-1 substrate. The first was so-called 
spreading PMN, exhibiting a dark and irregular morphology 
with a light rim and the second was denoted as non- 
spreading cells, with round and light morphology (Figure 
2(a)) [20,23,24]. The fraction of spreading PMN was de-
termined as the ratio of the number of spread PMNs to the 
total number of adhered PMNs in one frame. Eleven time 
points in total were tested in each case. All measurements 
were carried out at least four times. Image J software (NIH, 
Bethesda, MD, USA) was used to calculate the projected 
area of the spread PMN. 
Two types of shear flow, i.e., a steady flow and a step-
wise flow, were used to test PMN adhesion and spreading 
separately. A steady flow at shear stresses of 0.2, 0.5, or 1 
dyne/cm2 was applied (Figure 2(b)) to study PMN adhesion 
onto an ICAM-1-immobilized substrate spanning an entire 
10-min duration when a PMN appeared in the observation 
zone. Alternatively, a stepwise flow was used by applying a 
low flow of 0.2 dyne/cm2 for the first 1 min to encourage 
PMN adhesion onto the ICAM-1 substrate, followed by 
flows with shear stresses of 0, 1, or 10 dyne/cm2 for the 
remaining 9 min to test the spreading dynamics of PMNs on 




Figure 2  Schematic of human PMNs adhering and spreading onto the 
ICAM-1 substrate under flow. (a) Illustration of flow chamber measure-
ments. Insert: images showing cell adhesion (middle panel) and spreading 
(right panel). (b) Steady shear stresses of 0.2, 0.5, and 1 dyne/cm2. (c) 
Stepwise shear stresses of 0, 1, and 10 dyne/cm2. Symbols ᇞ and ▲ denote 
the start of flow and video timer, respectively. 
1.4  Determination of β2 integrin subunit localization 
Localizations of three β2 integrin subunits, i.e., CD11a, 
CD11b, and CD18, constitutively expressed in PMNs, were 
determined using confocal microscopy (TCS SP2, Leica, 
Wetzlar, Germany) [25]. Briefly, three aliquots were sepa-
rated from freshly isolated PMNs and each aliquot was la-
beled by anti-CD11a (MEM-25), -CD11b (44), and -CD18 
(212701) mAbs, respectively. After incubation with FITC- 
conjugated secondary mAbs, collected PMNs were used for 
PMN adhesion and spreading measurements. The spread 
cells were fixed immediately after the measurements and 
the β2 integrin subunit localization was then visualized us-
ing confocal microscopy. In some cases, PMNs were fixed 
prior to the measurements and served as a control for non- 
spreading PMN. Note that only unlabeled subunits contrib-
uted to PMN spreading when determining the localization 
of β2 integrin subunits. 
2  Results 
2.1  Adhesion of PMNs to ICAM-1 substrate is down- 
regulated by shear stress 
We first tested the adhesion of PMN under a steady flow at 
shear stresses of 0.2, 0.5, or 1 dyne/cm2 (cf. Figure 2(b)). 
Under shear flow, the cells appeared to initially settle down 
and then adhere to the ICAM-1-immobolized substrate. 
Time courses of PMN adhesion exhibited a transition phase 
during which adhesion increased with time and a steady 
phase when it reached equilibrium (Figure 3(a)). It was also 
found that the critical time point for transition to the steady 
phase was shortened from ~3 min at 0.2 dyne/cm2 to ~2 and 
~1 min at 0.5 and 1 dyne/cm2, respectively. Similarly, the 
average number of adhered neutrophils at the equilibrium 
phase was found to inversely correlate with shear stress 
applied, that is, the value of 177±20 cells/frame at 0.2 
dyne/cm2 was 1.5- and 4.5-fold higher than those at 0.5 
(122±25 cells/frame) and 1 (39±6 cells/frame) dyne/cm2, 
respectively. No PMN adhesion was found when shear 
stress was above 1 dyne/cm2 (data not shown). These results 
indicate that both the transition and steady phases of PMN 
adhesion depend strongly upon applied shear. Additionally, 
some of the adhered PMNs were found to spread on the 
ICAM-1 substrate. The average number of spread neutro-
phils during the equilibrium phase was also inversely corre-
lated to shear stress for 0.2 (91±8 cells/frame), 0.5 (73±14 
cells/frame) and 1 (24±3 cells/frame) dyne/cm2 applied 
(Figure 3(b)). 
2.2  Shear stress modulates PMN spreading on the 
ICAM-1 substrate 
We further tested the spreading dynamics for adhered 
PMNs. Here, the fraction of the number of spread cells to 
the total number of adhered cells was determined frame by  
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Figure 3  Shear stress dependence of PMN adhesion (a) and spreading (b) 
on the ICAM substrate at 0.2 (triangles), 0.5 (circles), and 1 (diamonds) 
dyne/cm2. Data are presented as mean ± standard error (SE) of the number 
of adhered or spread cells/frame from four donors. 
frame in each case. Under steady shear stresses of 0.2, 0.5, 
or 1 dyne/cm2 (cf. Figure 2(b)), the time course of the 
spreading fraction appeared to be a sigmoidal curve, where 
it exhibited a slow phase initially, followed by a phase of 
rapid increase and reached a steady phase (Figure 4(a)). At 
each time point, the fraction was slightly enhanced with 
increasing applied shear stress and reached equilibrium 
values of 0.54, 0.60, and 0.62 at 0.2, 0.5, and 1 dyne/cm2, 
respectively. However, no significant differences were 
found between the values. It was also found that PMN 
spreading in the absence of shear flow (cf. Figure 2(c)) was 
dramatically higher (squares in Figure 4(a)) than under 
shear flow, indicating that low shear inhibited the spreading 
of adhered PMNs. Note that it was difficult to visualize 
PMN spreading at high shear stresses because almost all of 
the cells flowing into the field were carried away when a 
steady flow corresponding to a shear stress above 1 
dyne/cm2 was applied. 
To further test PMN spreading at high shear, a stepwise 
flow was applied (cf. Figure 2(c)). Here, a low flow of 0.2 
dyne/cm2 was used for the first minute to drive a sufficient 
number of cells into the field, followed in the subsequent 9 
min by a high flow corresponding to 1 or 10 dyne/cm2 to 
examine the impact of shear flow on PMN spreading. Again, 
PMN spreading possessed a sigmoidal-like time course at 
high shears of 1 and 10 dyne/cm2. The averaged fraction of 
spreading PMN under a stepwise flow of 1 dyne/cm2 (dia-
monds in Figure 4(b); an equilibrium value of 0.77) yielded 
higher values than those under a steady flow of 1 dyne/cm2 
(diamonds in Figure 4(a)), suggesting that the initial flow 
pattern is crucial to the spreading of adhered PMNs. More-
over, the stepwise flows applied enabled the cells to con-
tinue spreading even at a shear stress as high as 10 
dyne/cm2, and the spreading fraction reached a high equi-
librium value of 0.88 (hatched squares in Figure 4(b)). In-
terestingly, the fraction beyond the 5th min under a 10 
dyne/cm2 shear stress was found to be statistically indistin-
guishable from those without shear flow (even though the 
equilibrium value of 0.92 was slightly higher without flow), 
implying that the shear-induced inhibition in the spreading 
of adhered PMNs is dramatically abolished at high shear. 
Overall, the impact of shear flow on PMN spreading was 
bidirectional, depending mainly on the magnitude of shear 
flow. 
2.3  Morphology of spread PMN is associated with the 
action of shear flow 
Spreading of an individual PMN on the ICAM-1-immobi- 
lized substrate occurred spontaneously within 1 min. To 
elucidate the time-lapsed remodeling of cell shape, the pro-
jected area for a total of 8–21 cells was measured in each 
  
 
Figure 4  Impact of shear stress on PMN spreading on the ICAM-1 sub-
strate. (a) Time course of PMN spreading fraction at a steady shear of 0.2 
(triangles), 0.5 (circles), and 1 (diamonds) dyne/cm2 (cf. Figure 2(b)) as 
well as in the absence of shear flow (squares) (cf. Figure 2(c)). Data are 
presented as mean ± SE from four donors. (b) Time course of spreading 
fraction at stepwise shears of 1 (diamonds) and 10 (hatched squares) 
dyne/cm2 as well as in the absence of shear flow (solid squares) (cf. Figure 
2(c)). Data are presented as mean ± SE from four donors. 
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case under distinct shear flow. It was found that, under 
steady flow, the projected areas were similar at 0.2 or 0.5 
dyne/cm2 (275.4±4.5 and 274.2±8.1 m2, respectively) but 
lower than those at 1 dyne/cm2 (333.2±5.8 m2) or without 
shear flow (312±7.3 m2) (Figure 5(a)). This implies that 
continuous flow inhibited PMN spreading at low shear but 
promoted it at high shear. In contrast, under stepwise flow, 
no significant differences in PMN projected area were ob-
served at 1 (354.6±17.8 m2), 10 (377.1±13.9 m2) dyne/ 
cm2 or in the absence of shear flow (329.4±12.7 m2) (Fig-
ure 5(b)), suggesting that the shape of firmly-adhered PMNs 
was stable under the action of stepwise flow. Together, the-
se results indicate that PMN morphology varies slightly 
with the applied shear flow. 
2.4  β2 integrin subunits contribute to PMN spreading 
on the ICAM-1-immobilized substrate 
To elucidate the contribution of 2 integrin subunits to 
PMN spreading on the ICAM-1 substrate, a confocal mi-
croscopy was used to visualize the localization of FITC- 
labelled-CD11a, -CD11b, or -CD18 on the cell surface 
(Figure 6). Three tests of non-spreading PMN (fixed cells; 
Figure 6(a)), spreading statically (Figure 6(b)) or spreading 
at a stepwise shear of 10 dyne/cm2 (Figure 6(c)) were con-
ducted. It was found that non-spread PMNs retained a round 
shape, with a relatively uniform distribution of CD11a,  
 
 
Figure 5  Shear stress dependence of the projected area of spread PMN. 
(a) Comparison of projected area at steady shears of 0, 0.2, 0.5, and 1 
dyne/cm2. Data were obtained from an ensemble of 18–21 cells in each 
case and are presented as mean ± SE. (b) Comparison of projected area at 
steady shears of 0, 1, and 10 dyne/cm2. Data were obtained from an en-
semble of 8–16 cells in each case and are presented as mean ± SE. 
 
Figure 6  Distribution of CD11a, CD11b and CD18 subunits on the PMN 
surface for non-spreading (a), spreading statically (b), or spreading under a 
stepwise shear of 10 dyne/cm2 (c). The 1st and 2nd columns show the im-
ages from confocal and bright field (BF) microscopy, respectively, while 
the 3rd column illustrates the merged images.  
CD11b and CD18 on the membrane (Figure 6(a)). In spon-
taneous spreading at 0 dyne/cm2, the CD11a subunit tended 
to cluster and polarize towards one region of the PMN 
membrane, while CD11b and CD18 subunits appeared to 
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distribute along the membrane and form aggregates (Figure 
6(b)). This specific distribution was also observed when a 
stepwise flow was applied: the expression of the CD11a 
subunit was significantly reduced and strong aggregation of 
CD11b and CD18 subunits were found to cluster in the vi-
cinity of the cell nucleus (Figure 6(c)). These results imply 
that the three subunits of 2 integrin may play distinct roles 
in PMN spreading under different shear flows. 
3  Discussion 
The goal of the current work was to understand the impact 
of shear flow on neutrophil adhesion and spreading, because 
blood flow inevitably influences the adhesion and subse-
quent spreading behavior [14,26]. Two types of flow pattern, 
a steady flow and a stepwise flow, were used in a paral-
lel-plate flow chamber assay to elucidate PMN adhesion 
and spreading on an ICAM-1-immobilized substrate. The 
former flow type was designed to mimic physiological 
blood flow and the latter type was to isolate the impact on 
firmly-adhered PMNs. A high ICAM-1 concentration of 
100 g/mL was employed to exclude non-specific interac-
tions introduced by the polystyrene substrate and to ensure 
that initiation of PMN adhesion and spreading were mainly 
mediated by β2 integrin-ICAM-1 interactions [27]. Three 
parameters, the number of cells adhering, the fraction of 
spreading cells, and the projected area of the spread cells, 
were employed to quantify the impact of shear flow. The 
results not only quantified the dynamics of PMN adhesion 
and spreading (Figures 3–5) but also provided insights for 
understanding the function of β2 integrin subunits (CD11a, 
CD11b and CD18) (Figure 6). The novelty of the current 
work is the identification of the distinct roles of low or high 
shear flow on PMN adhesion and spreading (Figures 4 and 
5). The results are expected to further the understanding of 
human PMN adhesion and spreading under conditions 
mimicking physiological shear flow. 
It has long been noted that PMNs spread actively on an 
ICAM-1-immobilized substrate under static conditions [9]. 
In the current work, an applied shear flow reduced the frac-
tion of spreading PMNs and the projected area of spread 
PMNs, particularly at steady, low shears of 0.2 and 0.5 
dyne/cm2 (Figures 4(a) and 5(a)). This suggests that shear 
flow exerted on PMNs inhibits their active spreading onto 
ICAM substrates. These results are in agreement with the 
previous observation that PMNs were able to retract their 
pseudopods when exposed to physiological shear stress (~1 
dyne/cm2) [28,29]. It was also found that the fraction of 
spreading PMNs was unexpectedly enhanced and the pro-
jected area of spread PMNs increased slightly at a high 
stepwise flow corresponding to a shear of 10 dyne/cm2 
(Figure 5), indicating that shear-induced spreading is com-
plex [30], presumably because of the bi-directional function 
of shear flow. 
Interactions involving β2 integrin-ICAM-1 binding are 
assumed to be the major mediators for PMN spreading on 
ICAM-1-immobilized substrates. It has been reported that 
the three subunits CD11a, CD11b, and CD18 behave dis-
tinctly and yield different dynamics in the mediation of 
PMN spreading [20]. While all three subunits were uni-
formly distributed on the PMN membrane before cell 
spreading, the CD11a subunit tended to translocate to the 
specific region of the spread membrane during active 
spreading in the absence of shear flow. In contrast, the 
CD11b and CD18 subunits were mainly distributed at the 
center of the cell to inhibit shear-induced passive spreading 
when a shear flow was applied (Figure 6). Although the 
CD11b/CD18 molecules are proposed to play the dominant 
roles inhibiting shear-induced spreading, the underlying 
mechanism of active or passive spreading requires investi-
gation in future studies. 
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